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A Conserved Glutamate Is Important
for Slow Inactivation in K1 Channels
constriction of the pore that prevents the flux of K1
ions (Liu et al., 1996). This constriction has also been
hypothesized to cause changes at the selectivity filter
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because Shaker channels become sodium permeableKarolinska Institutet
when they inactivate in solutions with low K1 concentra-SE-171 77 Stockholm
tions (Starkus et al., 1997). These effects of slow inacti-Sweden
vation at the pore region have lately been referred to as
P-type (pore-type) inactivation. The mutation W434F has
been proposed to induce a permanent or an extremely
Summary fast P-type inactivation (Yang et al., 1997; Loots and
Isacoff, 1998). Another effect that is associated with
Voltage-gated ion channels undergo slow inactivation slow inactivation of Shaker channels is a shift in the
during prolonged depolarizations. We investigated the voltage dependence of the gating charge [Q(V)] of about
role of a conserved glutamate at the extracellular end 250 mV for wild-type channels and 225 mV for the
of segment 5 (S5) in slow inactivation by mutating it nonconducting mutation W434F (Olcese et al., 1997).
to a cysteine (E418C in Shaker). We could lock the Fluorescence measurements have also shown that the
channel in two different conformations by disulfide- voltage dependence and the kinetics of the movement of
linking 418C to two different cysteines, introduced in the voltage sensor S4 is shifted during slow inactivation,
the Pore–S6 (P–S6) loop. Our results suggest that E418 implying that slow inactivation stabilizes S4 in its acti-
is normally stabilizing the open conformation of the vated position (Loots and Isacoff, 1998). This effect of
slow inactivation gate by forming hydrogen bonds with slow inactivation on S4 movement has lately been re-
the P–S6 loop. Breaking these bonds allows the P–S6 ferred to as C-type inactivation (to distinguish it from
loop to rotate, which closes the slow inactivation gate. P-type inactivation). In some studies, the closure of the
pore, associated with slow inactivation, has also beenOur results also suggest a mechanism of how the
called C-type inactivation, but we will throughout themovement of the voltage sensor can induce slow inac-
text refer to the shifting of the gating charge, associatedtivation by destabilizing these bonds.
with slow inactivation, as C-type inactivation and the
closure of the pore as P-type inactivation.Introduction
The present study attempts to determine the molecu-
lar mechanism underlying slow inactivation. There is anThe opening of voltage-gated ion channels is, in most
absolutely conserved glutamate (E418 in Shaker) in allcases, followed by inactivation when the membrane is
voltage-gated K1 channels (see, e.g., Figure 12 in Gut-maintained at a depolarized potential. The inactivation
man and Chandy, 1995) at the extracellular end of seg-serves a number of important functions: it terminates
ment 5, S5 (Figure 1). E418, which is located in thethe action potential (Na1 channels), it regulates the
vicinity of the pore, has been proposed to be locatedmembrane excitability (K1 channels), and it prevents
very close to the voltage sensor in Shaker K1 channelsCa21 loading in cells (Ca21 channels) (Hille, 1992). Most
(Elinder and A˚rhem, 1999) and could, thus, be importantvoltage-gated ion channels have a number of different
for the linkage between the S4 movement and the poreinactivation mechanisms with time constants differing
effects in slow inactivation. We analyzed the effects ofwith several orders of magnitudes, from microseconds
E418 mutations in a Shaker channel lacking the fastto minutes (Meves, 1978; Rudy, 1988; Yang et al., 1997).
N-type inactivation (ShH4IR) to ascertain the role thisShaker K1 channels normally undergo both a fast and
glutamate plays in slow inactivation. Mutating this gluta-a slow inactivation. The fast N-type inactivation occurs
mate to a cysteine (E418C) was found to greatly alterat the millisecond time scale and is caused by the
both the rate of slow inactivation and the rate of recoveryN-terminal ball blocking the open channel (Hoshi et al.,
from slow inactivation. In the crystal structure of the1990). The N-terminal deleted channel still inactivates
but on a much slower time scale of seconds. This slow KcsA channel (Doyle et al., 1998), this glutamate makes
inactivation was originally called C-type inactivation be- close contacts with residues in an extracellular loop,
cause different splice variants in the C-terminal part of homologous to the P–S6 loop in Shaker channels. We
the channel were shown to affect slow inactivation hypothesize that E418 makes hydrogen bonds with
(Hoshi et al., 1991). A number of mutations have been these residues and that these bonds stabilize the slow
found that affect slow inactivation, and all are located inactivation gate in its open conformation. To test this
close to the selectivity filter, either in the pore region or hypothesis, we permanently linked E418C with disulfide
in S6 (Figures 1A and 1B). Figures 1C and 1D show the bonds to introduced cysteines at different positions in
location of the corresponding amino acid residues in the P–S6 loop. The results show that the slow inactiva-
the structural model of the homologous bacterial K1 tion gate is greatly stabilized by the linkage of the extra-
channel KcsA (Doyle et al., 1998). cellular end of S5 to the extracellular end of S6.
Slow inactivation seems to involve a conformational Our results suggest that E418 makes a hydrogen bond
change at the extracellular end of the pore, possibly a with residues at the external end of S6 and that this
bond is broken during the conformational changes that
lead to slow inactivation. The results also suggest a* To whom correspondence should be addressed (e-mail: peter.
larsson@neuro.ki.se). molecular mechanism of slow inactivation.
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faster than wild type (75 ms versus 2.9 s; Table 1). The
recovery from slow inactivation, measured with a double
pulse protocol, is also affected by the mutation E418C
(Figure 2B). At 280 mV, E418C recovers about 25 times
slower than wild type (26 s versus 1.1 s; Table 1). The
conductance versus voltage curve, G(V), for E418C is
shifted in the positive direction compared to wild type
(ShH4IR) by on average 18 mV (from V1/2 5 224 6 8 mV,
n 5 13, to V1/2 5 216 6 5 mV, n 5 6; Figure 2C).
Is the slow inactivation of E418C caused by the same
process as slow inactivation in wild-type channels? A
distinguishing characteristics for slow inactivation in
Shaker K channels is its dependence on the extracellular
K1 concentration [K1]o (Lo´pez-Barneo et al., 1993). Rais-
ing [K1]o from 1 mM to 100 mM slows the inactivation
about 3-fold for both wild-type and E418C channels
(Figure 2D; Table 1). This suggests that the slow inactiva-
tion in E418C channels is caused by the same mecha-
nism as that in wild-type channels, but the open confor-
mation of the slow inactivation gate in E418C channels
is destabilized by a factor of 1000 (40 3 25) relative
to the inactivated conformation. Below we will try to
elucidate the mechanism by which E418 affects the slow
inactivation gate.
Hydrogen Peroxide Restores the Stability of
the Open Conformation of E418C Channels
If the acidic group of E418 is important for the stability
of the open conformation of the slow inactivation gate,
then the addition of an acidic group to 418C should be
able to restore this stability in E418C channels. Strong
oxidizers, like hydrogen peroxide (H2O2), react with cys-
teines and transform the cysteine into a cysteic acid
Figure 1. Structural Models of K Channels (Vollhardt, 1987). Application of 0.1%–0.4% H2O2 on
(A) Sequence alignment of the Shaker K channel and the KcsA K E418C channels drastically slowed the inactivation rate
channel in the pore region. Blue letters indicate residues that when over time (Figures 3A and 3B), while similar application
mutated have a profound effect on slow inactivation (greater than on wild-type channels had no effect (n 5 3).
ten times) in Shaker or related channels. References (residue num- To investigate the mechanism by which H2O2 affectsber for KcsA/Shaker/other channel): 67/434 (Yang et al., 1997); 71/ the slow inactivation, we studied the kinetics of the H2O2438/369 in Kv2.1 (DeBiasi, 1993); 78/445 (Harris et al., 1998); 80/447
modification in more detail. During the modification, a(Molina et al., 1997); 82/449/401 in Kv1.3 (Busch et al., 1991); 96/
total of five different components, with widely different463 (Hoshi et al., 1991). Red letters indicate residues mutated in the
time constants (determined as described in Experimentalpresent investigation.
Procedures), appeared in the inactivation time course. The(B) Transmembrane topology of the Shaker K channel. The residues
mutated in the present investigation are indicated. The circles corre- amplitude of the initial inactivation time constant (75 ms)
spond to residues affecting slow inactivation, from (A). decreased during the application of H2O2,while a second
(C and D) Structural model of the bacterial KcsA channel (Doyle et component with a slower time constant (240 ms) ap-
al., 1998), which is homologous to the S5–P–S6 portion of voltage- peared and increased over time. Later on, the second
gated K channels. (C) Top view. (D) Side view. The main part of the component decreased, while a third component (820
channel is illustrated by the backbone of the amino acid residues.
ms) increased. Even later, this third component de-The K ions in the selectivity filter in the center of the channel are
creased, while a fourth component (5.8 s) increased.seen as yellow balls. The corresponding amino acid residues that
Finally, the fourth component decreased, while a fifth,affect slow inactivation are densely packed around the selectivity
very slow component (42 s) appeared.filter (spacefill, monochrome). The residue corresponding to E418
(E51) is located at the external end of S5 (colored, white 5 C, red 5 The Shaker K channel is a tetramer (MacKinnon, 1991),
O, blue 5 N). and, thus, there are four 418C residues in every channel.
If the four cysteines are independently modified, we can
use the following reaction scheme:
Results 4a 3a 2a 1a
S0! S1! S2! S3! S4 (Model 1)The Mutation E418C Destabilizes the Open State
Relative to the Inactivated State where Sn indicates the fraction of channels with n modi-
fied 418C residues. a is the rate constant for the modifi-Figure 2A shows the K1 current through E418C channels
and, for comparison, wild-type channels in response to cation of a cysteine (E418C) to a cysteic acid. The devel-
opment of the amplitudes of the differently inactivatinga voltage step to 120 mV. The two different channels
have strikingly different inactivation time courses. The components is shown in Figure 3C and is roughly what
is expected from Model 1 (see inset in Figure 3C). Thus,inactivation time course is well fitted by a single expo-
nential, and at 0 mV E418C inactivates about 40 times the five time constants can be plotted as a function of
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Figure 2. Characterization of E418C
(A) Current in response to a voltage step
to 120 mV for E418C and wild-type (WT)
channels.
(B) Recovery at 280 mV from slow inactiva-
tion for WT (open square, after a 4 s depolariz-
ing pulse) and for E418C (open circle, after a
0.5 s depolarizing pulse) measured with a
two-pulse protocol. Data is normalized to the
maximum current amplitude. Time constants
for best fits of single exponential curves are
indicated.
(C) G(V) curves for E418C (open square) and
WT (open circle) from single experiments.
G(V) 5 I/(V180), where I is the peak K current
and V is the membrane potential in mV.
(D) E418C currents in response to a voltage
step to 120 mV in two K1 concentrations
(indicated). The inactivation rate is slowed
3-fold.
the number of modified cysteines per channel (0, 1, 2, 418C residue is forming a hydrogen bond that is stabiliz-
ing the slow inactivation gate in its open conformation3, or 4; Figure 3D).
If the slow inactivation is due to a concerted confor- and that this bond is broken during the transition to
the inactivated state. In the fully H2O2-modified 418Cmational change in all four subunits as has been pro-
posed earlier (Ogielska et al., 1995; Panyi et al., 1995), channels (four cysteic acids), the inactivation is slower
(t 5 42 s) than in wild-type channels (t 5 2.9 s). This isthen the inactivation rate is exponentially related to the
sum of the energetic contribution of the individual sub- most likely caused by different hydrogen binding prop-
erties of the carboxyl and sulfhydryl groups resulting inunits, and the inactivation time constant should increase
by a constant factor for each modified cysteine (see a slightly weaker hydrogen bond for the glutamate (our
estimate 2.3 kJ/mole; see Experimental Procedures).Experimental Procedures). In Figure 3D, the prediction
for a concerted inactivation mechanism is shown with We interpreted that the effects above were caused
by H2O2 modification of E418C into a cysteic acid. Sincea solid line and for an inactivation mechanism in which
the subunits inactivate independently with a dashed line. H2O2 is an oxidizing agent, it is conceivable that H2O2
did induce a disulfide bond between E418C and someThe concerted mechanism fits best to our data, and the
constant factor is 4.9, corresponding to an additional endogenous cysteine in Shaker. We, therefore, tested
the effect of another disulfide-making agent, Cu/phen-free energy of 3.9 kJ/mole needed to reach the transition
state for the inactivation conformational change for each anthroline, on E418C channels and the disulfide-break-
ing agent DTT on H2O2-treated E418C channels. Neitheradditional cysteine that has been modified (Equation 3
in Experimental Procedures). This energy is in the range a 10 min application of 2/100 mM Cu/phenanthroline on
E418C channels (n 5 3) nor a 10 min application of 20of energies of a hydrogen bond in proteins (2.5–8.4 kJ/
mole; Lodish et al., 1995), suggesting that the modified mM DTT on E418C channels pretreated with H2O2 (n 5
Table 1. Inactivation Properties of Mutant Shaker K1 Channels
tinact (s) tinact, 100 K/tinact, 1 K trec (s)
WT 2.9 6 0.7 (4) 2.4 6 0.9 (7)a 1.1 6 0.2 (3)
V451C 2.1 6 0.6 (6) ND ND
G452C 3.5 6 0.9 (4) ND ND
E418C 0.075 6 0.014 (5) 3.3 6 1.0 (7) 26 6 7 (5)
E418C/V451C (in DTT) 0.049 6 0.011 (8) 3.5 6 0.5 (7) 17 6 5 (4)
E418C/G452C (in DTT) 0.017 6 0.006 (3)b ND ND
E418C/G452C (no DTT) 24 6 8 (3) 0.9 6 0.2 (4) 10.0 6 0.5 (3)c
Mean 6 SD. The time constants are from 1 mM K at 0 mV. The quotient is for 120 mV.
a This value is derived from Lo´pez-Barneo et al. (1993) for a change in [K1]o from 2 mM to 140 mM.
b This channel inactivated with two time constants (t2 5 0.091 6 0.015 [n 5 6]).
c This channel recovered with two distinct time constants, one clearly below 1 s and one of about 15 s.
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Figure 3. Effects of H2O2 on E418C
(A) Current in response to a voltage step to
0 mV before and during the application of
0.4% H2O2 (1 min between pulses). The arrow
indicates the time development.
(B) Long pulse to 0 mV after 1 hr application
of 0.4% H2O2. A single exponential fit is shown
with a dashed line and a double exponential
fit is shown with a solid line. The time con-
stants are 6.9 s and 34 s.
(C) Amplitudes of the different inactivation
components during H2O2 treatment. Most
likely, each component represents the cur-
rent from channels having a certain number of
modified cysteines (0 [open circle], 1 [closed
circle], 2 [open square], 3 [closed square], or
4 [open diamond] modified cysteines). The
time course of the development of the differ-
ent components is roughly what is expected
from independent modifications of four sites
on one channel. Inset shows the prediction
of such a model (Model 1 in Results).
(D) Fitted time constants to recordings as in
(A) and (B) (see Experimental Procedures).
Data from a total of seven oocytes (mean 6
SEM). The continuous line is the prediction
of a concerted model and the dashed line is
the prediction of a model with independent gates of the four subunits (see Experimental Procedures). Our data supports the earlier conclusion
that slow inactivation is a concerted process (Ogielska et al., 1995; Panyi et al., 1995).
3) had any effect on the currents. This indicates that 4A shows the ionic current of E418C/G452C channels
(in 20 mM DTT) in response to a voltage step to 120H2O2 did not induce a disulfide bond but instead added
mV. The channels inactivate quickly, similar to E418Can acidic group on 418C. An additional argument for
channels, but instead of a monoexponential inactivationthe success of this transformation is that the G(V) curve
time course, two (or sometimes three) inactivation com-is shifted in opposite direction (with about 220 mV)
ponents are seen (Table 1). The amplitude of the currentalong the voltage axis compared to that for the neutraliz-
was sensitive to [K1]o, higher concentrations increasinging E418C mutation. This suggests that H2O2 trans-
the conductance. A similar [K1]o sensitivity has beenformed 418C into a cysteic acid and thus restored the
reported earlier for other K1 channels and has beencharge at the residue 418C. Thus, the acidic group of
attributed to a portion of the channels being in a P-typeE418 is essential for the control of the slow inactivation
inactivated state even at hyperpolarized potentialsof Shaker K channels most likely by forming a hydrogen
(Pardo et al., 1992; De Biasi et al., 1993). Application ofbond to some hydrogen donor.
an extracellular solution without DTT drastically slows
the inactivation time course of the current and increases
the peak amplitude by a mechanism that takes up to anPossible Role for E418 in Slow Inactivation
hour for completion (Figure 4B).In the structure of the KcsA K1 channel (Doyle et al.,
The changes in the inactivation time course of 418C/1998), the corresponding residue of E418 (E51; Figure
452C channels after the washout of DTT were very simi-1A) makes close contact with the backbone amide nitro-
lar to the changes seen during the application of H2O2 ongen of several residues in the corresponding P–S6 loop
E418C channels (cf. Figures 3A and 4B). The appearance(position 450–452 in Shaker). We hypothesize that E418
(and subsequent disappearance) of five different com-in Shaker makes hydrogen bonds with some of these
ponents, with widely different time constants, in the
residues in the P–S6 loop and that these hydrogen inactivation time course was observed during the exper-
bonds are broken during the conformational changes iment (17 6 6 ms, 91 6 15 ms, 480 6 130 ms, 4.1 6 0.9
leading to slow inactivation. To test this hypothesis, s, and 24 6 8 s, n 5 3–6; Figures 4A24D). Reapplication
we paired the E418C mutation with a cysteine at two of 20 mM DTT transformed the slowly inactivating chan-
different locations (451 and 452) in the P–S6 loop, with nels into fast inactivating channels again (Figure 4D).
the aim at stabilizing the structure with disulfide bonds This suggests that the increase of the inactivation time
between 418C and the introduced cysteines. constant is due to the formation of disulfide bonds. The
effect of DTT application and washout of DTT is revers-
ible, and the channels can be made fast inactivating or
A Disulfide Bond between E418C and G452C slowly inactivating repetitively. The time course of the
Stabilizes the Open State oxidation and the reduction of the disulfide bonds were
We measured the currents of the double mutation E418C/ not the exact opposites (cf. Figures 4B and 4D). This
G452C first under reducing conditions (incubated in 20 could be due to some state dependency of the formation
mM DTT) to be able to characterize the effect of the and the reduction of the disufide bonds (see Experimen-
tal Procedures). To further test if the channels are madeintroduced cysteines without any disulfide bond. Figure
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Figure 4. Characterization of the Double Mu-
tant E418C/G452C
(A–D) Currents in response to a voltage step
to 120 mV. Note different time and amplitude
scales. [K1]o 5 100 mM. The arrows indicate
the time development.
(A) A single step during application of 20 mM
DTT. The inactivation time course is fitted
with t1 5 14 ms and t2 5 110 ms.
(B) In rinse solution after DTT treatment (5
min between the pulses).
(C) A single step at maximum modification.
The inactivation time course is fitted with t 5
19.0 s. The recording is from the same oocyte
as in (B), 75 min after the washout of DTT.
(D) During reapplication of DTT (5 min be-
tween the pulses). Same oocyte as in (B).
(E) Currents from channels with disulfide
bonds (after Cu/phenanthroline treatment).
Voltage steps between 260 and 120 mV in
[K1]o 5 100 mM.
slowly inactivating by the formation of disulfide bonds, This factor corresponds to an additional free energy of
4.4 kJ/mole needed to reach the transition state for thewe applied Cu/phenanthroline on freshly DTT-treated
channels. Cu/phenanthroline quickly transformed the inactivation conformational change, for each additional
disulfide bond (see Experimental Procedures). The freefast inactivating channels into slowly inactivating chan-
energy (4.4 kJ/mole) is just slightly larger than the freenels (n 5 4). In the fully disulfide-bonded, slowly inacti-
energy increase found for the H2O2 treatment of 418Cvating state (t 5 24), the channel can still open and
channels (3.9 kJ/mole). We interpreted that free energyclose (Figure 4E), but the inactivation and recovery from
as caused by an additional hydrogen bond (e.g., be-inactivation is about ten times slower than for wild type
tween the H2O2-modified 418C and the backbone amide(Table 1). A possible explanation for the changes in the
nitrogen of 452 or 451) that stabilizes the slow inactiva-total current amplitude (see Figure 4B) is that the number
tion gate in its open conformation and is broken duringof P-type inactivated channels at hyperpolarized poten-
slow inactivation. The mechanism of inactivation in thetials (see above K1 dependency) changed by the forma-
disulfide-linked 418C/452C channels is probably differ-tion of the disulfide bonds.
ent than in wild type. The 418C–452C bond is permanentThe single mutation G452C has inactivation kinetics
in this channel and this requires hydrogen bonds in othersimilar to wild-type channels (Table 1). Application of
parts of the channel (e.g., in the selectivity filter) to breakeither DTT or Cu/phenanthroline has no effect on the
to cause the inactivation of the channel (see Discussion).current amplitude or inactivation time constants from
These results suggest that a disulfide bond betweeneither E418C or G452C channels (n 5 3–6), showing that
E418C and G452C channels stabilizes the open confor-the DTT effects and the Cu/phenanthroline effects seen
mation of the slow inactivation gate, supporting our hy-are specific for the combination E418C/V452C.
pothesis that a hydrogen bond between residue 418 andWe assume that the five different time constants are
452 normally stabilizes the open conformation.the results of channels having 0, 1, 2, 3, or 4 disulfide
bonds (in analogy with the H2O2 effect on E418C; see
Model 1). The presence of two (or sometimes three) A Disulfide Bond between E418C and V451C
inactivating components from channels incubated in 20 Stabilizes the Inactivated State
mM DTT suggests that 20 mM DTT is not enough to We measured the currents of the double mutation E418C/
keep all the disulfide bonds reduced and that a small V451C first under reducing conditions (incubated in 20
proportion of the channels have one or two disulfide mM DTT) to be able to characterize the effect of the
bonds even in the presence of 20 mM DTT. The inactiva- introduced cysteines, without any disulfide bond. Figure
tion time constant increases by a factor of 6.0 for each 5A (top trace) shows the ionic current of E418C/V451C
channels (in 20 mM DTT) in response to a voltage stepadditional disulfide bond in E418C/G452C channels.
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Figure 5. Characterization of the Double Mu-
tant E418C/V451C
(A) Currents in response to a pulse to 0 mV
before and during continuous application of
Cu/phenanthroline (2 mM/100 mM) to DTT pre-
treated channels (2.5 min between pulses).
The arrow indicates the time development.
The oocyte was injected with 0.5 ng RNA.
[K1]o 5 1 mM.
(B) Peak current before and during the appli-
cation of 0.5 mM/25 mM Cu/phenanthroline
(15 s application per episode). The Cu/phen-
anthroline was applied either at 280 mV
(closed channels; closed square) or 0 mV
(mainly inactivated channels; closed circle).
The interepisode time was 2 min to allow for
complete recovery from slow inactivation be-
tween pulses. The modification rate is faster
at 0 mV than at 280 mV. [K1]o 5 100 mM.
(C) Gating currents in response to voltage
steps between 280 and 160 mV before DTT
treatment. The oocyte was injected with 50
ng RNA.
(D) Q(V) measured from a holding potential of
either 280 or 0 mV.
(E) Currents in response to a voltage step to
120 mV during DTT treatment (90 s between
pulses). The arrow indicates the time devel-
opment. [K1]o 5 100 mM. The oocyte was
injected with 0.5 ng RNA.
(F) Time course of the peak current amplitude
during modification by 20 mM DTT (same oo-
cyte as in [E]). The curve is best fitted to [1 2
e(2t/t)]b, with b 5 4.1 and t 5 215 s.
to 120 mV. Similar to the single mutation E418C, the mV. Bezanilla and coworker (1991) suggested that the
hook indicates that the activation gate has been opened.E418C/V451C channels inactivate quickly and recover
slowly from inactivation (Table 1 and Figure 5A). The voltage dependence of the gating charge Q(V) of
E418C/V451C channels is shifted by 234 6 3 mV (n 5In contrast to E418C/G452C channels, disulfide bonds
formed very slowly in E418C/V451C channels during 3) when the channels are held at 0 mV instead of 280
mV (Figure 5D). This shift is similar to the Q(V) shiftwashout of DTT. We applied Cu/phenanthroline to test
if we could more effectively induce disulfide bonds be- induced by C-type inactivation of wild-type Shaker
channels (Olcese et al.,1997). This shows that E418C/tween 418C and 451C. Figure 5A shows that 2/100 mM
Cu/phenanthroline quickly inhibits the ionic current. Cu/ V451C channels can undergo C-type inactivation. The
results from the gating current measurements suggestphenanthroline inhibited the channels faster when ap-
plied on mainly inactivated channels (t 5 33 6 16 mM that the channels are nonconducting because they are
in a P-type inactivated state, which is similar to thats; n 5 6) than on closed channels (t 5 140 6 40 mM s;
n 5 6; Figure 5B). Application of Cu/phenanthroline on suggested for W434F channels (Olcese et al., 1997; Yang
et al., 1997; Loots and Isacoff, 1998).either E418C (n 5 3) or V451C channels (n 5 3) did not
have any effects. This suggests that a disulfide bond One Disulfide Bond Keeps the 418C/451C
Channel in a Nonconducting Statebetween 418C and 451C forms preferentially in the inac-
tivated state and that the disulfide bond makes the chan- Figure 5E shows that application of 20 mM DTT in the
extracellular solution restores the ionic current of E418C/nel nonconducting.
Expressing E418C/V451C channels without DTT in the V451C channels. The time course of the DTT modifica-
tion of the channels is sigmoidal, as if DTT has to breakincubation media results in nonconducting channels
(Figure 5C), suggesting that the disulfide bonds can form more than one disulfide bond to make the channels
conducting (Figure 5F). We fitted the time course to thespontaneously although very slowly. The gating currents
are similar to those of wild-type (Bezanilla et al., 1991) equation [1 2 e(2t/t)]b, to estimate the number of bonds,
b, necessary to break to make the channel conductingand W434F channels (Perozo et al., 1993), including the
hook and the slowing of the off-gating currents after (b 5 3.8 6 0.8, t 5 5.0 6 1.5 min, n 5 4). This suggests
that there are four bonds per channel, one per subunit,depolarization to voltages greater than or equal to 230
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and that all four bonds must be broken before the chan-
nel can open. The single mutation V451C leads to chan-
nels that have wild type–like slow inactivation (Table 1).
Application of DTT had no effect on the currents from
either E418C (n 5 6) or V451C channels (n 5 4), showing
that the DTT effects seen above are specific for the
combination E418C/V451C.
The Disulfide Bond Is Formed between E418C
and V451C from the Same Subunit
The disulfide bond between 418C and 451C could either
be formed between 418C and 451C from the same sub-
unit or from two different subunits. To test if the disulfide
bonds can be formed between subunits, we coinjected
Figure 6. Ba21 Access to the Pore of E418C/V451C ChannelsRNA encoding E418C channels with RNA encoding
V451C channels to get channels with a mixture of E418C Peak current in response to a voltage step to 120 mV during Ba21
application and washout of Ba21. An extracellular solution with 10subunits and V451C subunits. We injected the RNA in
mM Ba21 was applied for 4 min on disulfide-linked nonconductinga ratio that would give equal expression levels of the
channels (closed square) or on DTT pretreated conducting channelstwo subunit types. Of the channels, 87.5% are then
(closed circle) and followed by a rinse solution without Ba21. Theexpected to be composed of two different types of sub-
conducting channels were quickly blocked by Ba21 and recoveredunits. Since one disulfide bond seems to be enough to
slowly from the block. After 2 min, 20 mM DTT was applied to breakrender the channels nonconducting, we would expect
the disulfide bonds in the nonconducting channels to be able to
that 87.5% of the current from the coinjection would measure the number of Ba21-blocked channels. The nonconducting
be abolished when the channels are exposed to Cu/ channels recovered faster than the conducting channels from the
phenantroline, if the disulfide bonds can be formed be- Ba21 application, indicating that Ba21 was not able to reach its
tween subunits. Application of 2/100 mM Cu/phenantro- binding site in the nonconducting channels. Note that the two curves
are from the same oocyte; Ba21 was first applied on the nonconduct-line for 8 min did not significantly reduce the current
ing channels, and then, after the DTT treatment, Ba21 was appliedfrom coinjected channels (1.6% 6 1.9%, n 5 3). This
on the conducting channels.shows that the disulfide bonds are not formed between
subunits, but that they are formed between 418C and
451C from the same subunit.
reached, which is significantly higher (p , 0.02) than forA 418C-451C Disulfide Bond Keeps
the Ba21-pretreated conducting 418C/451C channels,the Inactivation Gate Closed
indicating that a majority of the disulfide-linked channelsThe hook in the off-gating current seen after a depolariz-
were not blocked by Ba21. This suggests that the disul-ing pulse greater than or equal to 230 mV (Figure 5C)
fide bonds keep the inactivation gate closed preventingindicates that the activation gate is able to open, even
Ba21 from reaching its binding site in the pore.if 418C is disulfide linked to 451C. This suggests that
These results show that a disulfide bond can bethe nonconducting 418C/451C channels are not held in
formed between 418C and 451C, mainly in the inacti-a closed conformation by the disulfide bond, but rather
in an inactivated conformation. To more directly test vated state, and this bond keeps the channel in a non-
this hypothesis, we performed a series of Ba21 block conducting conformation similar to the P-type inacti-
experiments. Extracellular Ba21 has been shown to vated state. The channel can be turned into a conducting
readily bind to the pore of Shaker K1 channels in the channel by the application of a reducing agent. The time
open and closed conformation, but very slowly or not course of the effect suggests that four disulfide bonds
at all to channels that have undergone slow inactivation have to be broken to make the channels conducting.
(Basso et al., 1998; Harris et al., 1998). If the disulfide- Coinjection experiments showed that the disulfide
linked 418C/451C channels are kept in an inactivated bonds are formed between 418C and 451C from the
conformation, then a brief application of Ba21 should same subunit.
not block a majority of the nonconducting channels. The
conducting (DTT-treated) 418C/451C channels were
Discussionquickly (t , 1 min) blocked by 10 mM Ba21; a 4 min
application blocked more than 95% of the channels.
We have shown that E418 is important for the stabilityThe washout of Ba21 was very slow (t » 30 min) (Figure
of the open conformation of the slow inactivation gate of6); the current recovered to 49% 6 12% (n 5 5) of its
Shaker K1 channels. The mutation E418C considerablymaximal value after a 20 min wash in control solution.
speeds up the rate of slow inactivation (40-fold), whileThe slow Ba21 washout of 418C/451C channels is similar
it slows the recovery from the inactivated state (25-fold).to that of Y445F channels (Harris et al., 1998). The Ba21
We have also demonstrated that the stability of the openwashout was considerably slower than the reduction of
conformation can be restored by restoring the ability ofthe disulfide bonds by the DTT application (t 5 5 min).
418 to form hydrogen bonds, by making 418C to a cys-This allowed us to test if Ba21 can block the disulfide-
teic acid by H2O2 or by introducing a disulfide bondlinked channels. We applied 10 mM Ba21 to the disulfide-
between 418C and 452C. Since E418 is conserved inlinked channels for 4 min. We then quickly reduced the
all voltage-gated K1 channels and in most other K1disulfide bonds with DTT and measured the fraction
channels belonging to the same structural class (KQT,Ba21-blocked channels. In Ba21-pretreated oocytes, the
Slo, and eag; Gutman and Chandy, 1995; Wei et al.,time course of the amplitude increase during DTT appli-
1996), its role as a stabilizer of the open conformationcation was very similar to that from experiment without
of the slow inactivation gate may be assumed to be aBa21 pretreatment (n 5 5). After a 20 min wash, 73% 6
8% (n 5 5; Figure 6) of the maximum current had been general feature of most K1 channels. Our results show
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Figure 7. Molecular Model of the Residues
Involved in Slow Inactivation
(A) Positions of the residues corresponding
to E418 (E51), D447 (D80), M448 (L81), T449
(Y82), P450 (P83), V451 (V84), and G452 (T83)
in the KcsA channel (viewed from the extra-
cellular side). Numbers in parenthesis are the
residue numbers in the KcsA channel.
(B) The aromatic cuff (W434/W67, W435/W68,
and Y445/Y78), the conserved proline (P450/
P83), and residues investigated in the present
study (E418/E51, V451/V84) are shown. The
labeled residues belong to the same subunit.
Viewed from the extracellular side.
(C) Side view of (B). Note that 450 is changed
to ball-and-stick. Residues 447–449 are also
included. The single atoms in the central line
are the K ions and the oxygen atom of a water
molecule in the selectivity filter.
(D) Stereo view of the discussed residues at
higher magnification. Residues 418, 448–452,
and 435 are from one subunit. Residues 434
and 445 are from a neighboring subunit. The
K ion and the water molecule in the selectivity
filter indicate the angle of view. According to
our hypothesis, E418 makes hydrogen bonds
to the backbone amide nitrogens of 451 and
452 that stabilize the open conformation of
the slow inactivation gate. These bonds are
broken during slow inactivation, and 451 ro-
tates toward 418. We suggest that this move-
ment removes 450 from the gap between 434
and 435, leading to a collapse of the aromatic
cuff and the constriction of the pore.
that a disulfide bond between 418C and 452C stabilizes Earlier Findings
Residues in both the selectivity filter and the P–S6 loopthe open conformation of the slow inactivation gate,
while a disulfide bond between 418C and 451C keeps have been shown to change configuration during slow
inactivation. The selectivity filter is hypothesized to bethe channel in the P-type inactivated state. How can the
two different disulfide bonds stabilize the channel in rigidly held in position by the ring-like aromatic cuff
consisting of W434 and W435, which makes hydrogendifferent states? A possible explanation can be found
in the KcsA structure: the side chains of 451 and 452 bonds with Y445 in the selectivity filter (Doyle et al.,
1998; see also Figure 7B). The selectivity of the channelpoint in different directions (Figures 7A and 7D). 452C
points toward 418C and a disulfide bridge would stabi- changes during the inactivation (Starkus et al., 1997;
Kiss et al., 1999), which can be due to conformationallize this conformation (presumably a noninactivated
state). Residue 451C would have to rotate substantially changes in the aromatic cuff since direct changes in
the aromatic network, by mutating residues 434 or 445,to make a disulfide bond with 418C, and we hypothesize
that this rotation induces slow inactivation. Below we induce a permanent, or a very fast, P-type inactivation
(Perozo et al., 1993; Yang et al., 1997; Harris et al., 1998).will discuss a more complete model of the molecular
mechanisms of slow inactivation that is consistent with Other changes that occur during slow inactivation is
that residue 448 moves toward the center of the poreour data.
and that 448–450 becomes more exposed to the extra-
cellular solution (Liu et al., 1996; see, e.g., Figures 7AMolecular Mechanisms Involved
and 7D for location of these residues).in Slow Inactivation
Present HypothesisSlow inactivation in Shaker K1 channels affects two
The residues involved in the selectivity filter and thedifferent aspects of the channel behavior, closure of the
aromatic cuff are extremely well conserved in K1 chan-pore and a shift of the Q(V), which have been labeled
nels. E418 and P450 are two other residues that areP-type and C-type inactivation, respectively (see Olcese
absolutely conserved among all voltage-gated K chan-et al., 1997; Yang et al., 1997; Loots and Isacoff, 1998).
nels, as well as in the KcsA K1 channel. P450 is in theThe molecular mechanism behind C-type inactivation
KcsA K1 channel located as a wedge between W434is not known, but for P-type inactivation some of the
and W435 from different subunits and fills in a gap inmolecular rearrangements in the pore have been charac-
the aromatic cuff (Figures 7B–7D). E418 is located justterized. We will here try to incorporate our findings into
outside the aromatic cuff, and its side chain is in directa model of the molecular mechanism underlying slow
inactivation. contact with the sequence P450-V451-G452 in the P–S6
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City, CA). The plasmid was linearized with HindIII, and RNA wasloop (Figures 7A and 7D). In the present study, we have
synthesized in vitro using the T7 mMessage mMachine kit protocolshown that the open conformation of the slow inactiva-
(Ambion, Austin, TX) and injected into Xenopus oocytes. The electro-tion gate is greatly stabilized by a disulfide bond be-
physiological experiments were made 2–8 days after injection oftween 418 and 452. In wild-type Shaker channels, 452
mRNA.
is a glycine and E418 probably makes a hydrogen bond
to the backbone of 452 (or 451). When this bond is
Electrophysiologybroken, segment 448–452 can undergo a conformational
The investigations were performed with the two-electrode voltage-
change (the residues are best shown in Figure 7D). In clamp technique (CA-1 amplifier, Dagan Corporation, Minneapolis,
the present study, we have also shown that a bond MN). The amplifier’s capacitance and leak compensations were
between 418 and 451 keeps the channel in a perma- used. The currents were low-pass filtered at 1–5 kHz. The holding
nently inactivated state and that this bond is more easily potential was 280 mV if not otherwise stated. The extremely slow
recovery of channels containing the E418C mutation forced us toformed in the inactivated state. This suggests that, dur-
use long interpulse intervals in our series of voltage-clamp steps toing inactivation, the side chain of 451 rotates toward
avoid accumulation of inactivation. We used 1–2.5 min between418. We propose that this conformational change de-
voltage steps for all channels with the E418C mutation (both singletaches the absolutely conserved P450 from the close
and double mutations). All experiments were carried out at roomfit between W434 and W435 in adjacent subunits, as-
temperature (208C–238C). Recordings were done in either low or
suming that in Shaker P450 is located between W434 high K-containing solutions (in mM: 1 KCl and 99 NaCl [or 100 KCl],
and W435 in adjacent subunits as in the KcsA K channel. 0.8 MgCl2, 0.4 CaCl2, and 10 HEPES [pH 5 7.5]). If not otherwise
The hypothesized movement of P450 is supported by noted, we used 1 KCl. To break disulfide bonds, 20 mM dithiothreitol
experiments showing that P450C becomes exposed to (DTT) was added to the extracellular solution from a frozen stock
just before application. To link cysteines together, we added 2 mMthe extracellular solution during slow inactivation (Liu et
CuSO4 and 100 mM phenanthroline (Cu/phenanthroline) to the extra-al., 1996). This would allow W434 and W435 to move
cellular solution from stock just prior to the application (Liu et al.,closer to each other, leading to a constriction of the
1996). To transform a cysteine (418C) to a cysteic acid, we addedaromatic cuff. This would move Y445 toward the center
0.1%–0.4% H2O2 to the extracellular solution. All agents were appliedof the pore and constrict the flow of K ions.
continuously in the bath solution by a gravity-driven perfusion sys-
In the disulfide-linked 418C/452C channels, the disul- tem. All results are given as mean 6 SD, if not otherwise noted.
fide bond should reduce the mobility of the P–S6 loop
preventing the inactivation to occur by the above de- Measuring and Modeling Inactivation Kinetics
scribed mechanism. But, these channels do undergo To analyze the currents during the application of H2O2 on E418C,
inactivation, although very slowly (t 5 24 s). However, we used this general equation for the falling phase of the K current:
our hypothesis for the molecular mechanism of slow
IK 5 o
n
An · e2t/tn, (1)inactivation suggests an alternative inactivation mecha-
nism when the P–S6 loop is immobilized. For example,
where n is the number of components, An is the amplitude, and tnthe hydrogen bond between Y445 and W435 could
is the time constant of the nth component. There is no need for anbreak, allowing Y445 to move toward the center of the
offset, because the current approached zero at very long pulses.pore and constrict the flow of K ions. This mechanism of
We needed five different components to accurately fit all currentinactivation would be slower than wild-type inactivation
traces. We used the following strategy to reliably determine An andand hence be infrequent in wild-type channels.
tn. The time constant of the fastest component was easily deter-
mined from the monoexponential inactivation before application of
Possible Molecular Coupling between S4 H2O2. The first pulse after application of H2O2 showed a clear biexpo-
nential inactivation time course. Thus, the second fastest compo-Movement and Slow Inactivation
nent was determined by Equation 1 with two components whereEarlier, we have suggested that residue 418 is located
one time constant was fixed to the time constant determined beforeclose to S4 and functions as a surface charge (Elinder
application (Figure 3A). After further H2O2 treatment, more compo-and A˚rhem, 1999). In the present study, neutralization
nents were clearly needed. The two slowest time constants wereof E418 and restoration of the negatively charged acidic
determined from very long pulses (100 s) after extensive treatment
groups to E418C by H2O2 resulted in shifts in the G(V) with H2O2 (Figure 3B). To obtain the fifth (intermediate) time constant,
curve, supporting our conclusion that position 418 is we made a multiexponential curve fit with five components (where
located close to S4 and can function as a surface charge. the four already determined time constants were fixed) to all traces
We propose that the outward movement of S4 during (Figure 3A). This fifth component was necessary to get a good fit,
and the time constant for this component was very similar fromactivation, in addition to causing the conformational
trace to trace. To get a reliable estimation of the amplitudes of thechanges that lead to the opening of the channel, destabi-
five components, we made a last fit where all the time constantslizes the hydrogen bond between E418 and P450-V451-
were fixed to the values obtained above. The five time constantsG452. This could be caused by a direct electrostatic
differed substantially from each other (greater than factor of 4), sointeraction between the positively charged S4 and the
we feel confident that we can fairly accurately determine the time
negatively charged E418 or by an allosteric mechanism. constants and the amplitudes of the five different components.
Breaking the bond between E418 and the P–S6 loop To analyze the currents during and after the DTT treatment of
would cause the P–S6 loop to rotate and destabilize the E418C/G452C channels, we used a similar strategy. However, since
aromatic cuff, causing the constriction of the pore. the different inactivation components had widely different maximum
amplitudes, possibly caused by a difference in the amount of P-type
inactivation at hyperpolarized potentials (see Results), it was notExperimental Procedures
always possible to accurately fit all components at the same time.
As a rule, there were already two (or occasionally three) componentsMolecular Biology
The experiments were performed on Shaker H4 channels (Kamb et when DTT was present. We interpret that as a portion of the channels
having one or two disulfide bonds even in the presence of 20 mMal., 1987) made incapable of fast inactivation by the D(6–46) deletion
(Hoshi et al., 1990). Point mutations were introduced in the DNA DTT. The second slowest component was almost absent during the
DTT-free periods but became prominent when DTT was reapplied.using the QuikChange Kit (Stratagene, La Jolla, CA) and the resulting
DNA was sequenced with the AmpliTaq kit (Perkin-Elmer, Foster This could be due to some cooperativity in the formation of the
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disulfide bonds. For example, three disulfide bonds could force the pore of the rat lymphocyte potassium channel RGK5. Biochem.
Biophys. Res. Commun. 179, 1384–1390.fourth subunit into a stable conformation, making the last disulfide
bond form much faster than the other three bonds (in contrast to De Biasi, M., Hartmann, H.A., Drewe, J.A., Tagliatela, M., Brown,
the independent modification in Model 1 in Results). Similarly, during A.M., and Kirsch, G.E. (1993). Inactivation determined by a single
the reduction of the disulfide bonds, the components with one or site in K1 pores. Pflu¨gers Arch. 422, 354–363.
two disulfide bonds were not very prominent. This could be due to
Doyle, D.A., Cabral, J.M., Pfuetzner, R.A., Kuo, A., Gulbis, J.M.,some state dependency in the accessibility of the disulfide bonds
Cohen, S.L., Chait, B.T., and MacKinnon, R. (1998). The structureto DTT. Since channels with different numbers of disulfide bonds
of the potassium channel: molecular basis of K1 conduction andspend different amount of time in the inactivated versus activated
selectivity. Science 280, 69–77.state, this could make the reduction of the single and double disul-
Elinder, F., and A˚rhem, P. (1999). Role of individual surface chargesfide-bonded channels faster than for the channels with three or four
of voltage-gated K channels. Biophys. J. 77, 1358–1362.disulfide bonds.
If the inactivation of the channel is due to a concerted conforma- Gutman, G.A., and Chandy, K.G. (1995). Voltage-gated K1 channels.
tional change in all four subunits (see Ogielska et al., 1995; Panyi In Handbook of Receptors and Channels. Ligand- and Voltage-
et al., 1995), then the inactivation rate kn (the inverse of the inactiva- Gated Ion Channels, R.A. North, ed. (Boca Raton, FL: CRC Press),
tion time constant) is exponentially related to the sum of the ener- pp. 1–71.
getic contribution of the individual subunits,
Harris, R.E., Larsson, H.P., and Isacoff, E.Y. (1998). A permeant ion
binding site located between two gates of the Shaker K1 channel.kn 5 A · e2[nDG1 1 (4 2 n)DG2]/RT, (2)
Biophys. J. 74, 1808–1820.
where A is the attempt frequency (1012 s21), n is the number of fast Hille, B. (1992). Ionic Channels of Excitable Membranes (Sunderland,
inactivating subunits with a free energy to the transition state DG1, MA: Sinauer).
and (4 2 n) is the number of slowly inactivating subunits with a free
Hoshi, T., Zagotta, W.N., and Aldrich, R.W. (1990). Biophysical andenergy to the transition state DG2. R is the universal gas constant, molecular mechanisms of Shaker potassium channel inactivation.and T is the absolute temperature. The mutation E418C speeds up
Science 250, 533–538.the inactivation from t 5 2.9 s to t 5 75 ms. The change in the free
Hoshi, T., Zagotta, W.N., and Aldrich, R.W. (1991). Two types ofenergy to the transition state per subunit (DG1 2 DG2) induced by
inactivation in Shaker K1 channels: effects of alterations in the car-the mutation E418C can then be estimated from: (2900/75) 5
boxy terminal region. Neuron 7, 547–556.exp[24(DG1 2 DG2)/(RT)]. This gives DG1 2 DG2 5 2.3 kJ/mole. From
Equation 2, it follows that the quotient of the inactivation rates from Kamb, A., Iversen, L.E., and Tanouye, M.A. (1987). Molecular charac-
channels differing in only one subunit is terization of Shaker, a Drosophila gene that encodes a potassium
channel. Cell 50, 405–413.
kn 2 1/kn 5 e(DG1 2 DG2)/RT. (3)
Kiss, L., LoTurco, J., and Korn, S.J. (1999). Contribution of the selec-
tivity filter to inactivation in potassium channels. Biophys. J. 76,For example, the inactivation time constant of E418C/G452C chan-
253–263.nels increases by a constant factor of 6 for each added disulfide
bond between 418C and 452C. This would give a change in the free Liu, Y., Jurman, M.E., and Yellen, G. (1996). Dynamic rearrangement
energy to the transition state of 4.4 kJ/mole for each added disulfide of the outer mouth of a K1 channel during gating. Neuron 16,
bond. 859–867.
For a completely independent inactivation mechanism, the rate
Lodish, H., Baltimore, D., Berk, A., Zipursky, S.L., Matsudaira, P., and
is described by
Darnell, J. (1995). Molecular Cell Biology (New York, NY: Scientific
American Books).kn 5 n · kf 1 (4 2 n) · ks, (4)
Loots, E., and Isacoff, E.Y. (1998). Protein rearrangements underly-
where kf is the inactivation rate of a fast inactivating subunit, and ing slow inactivation of the Shaker K1 channel. J. Gen. Physiol. 112,
ks is the inactivation rate of a slowly inactivating subunit. This inde- 377–389.
pendent mechanism did not fit our data (see Figure 3D) supporting
Lo´pez-Barneo, J., Hoshi, T., Heinemann, S.H., and Aldrich, R.W.the earlier findings that slow inactivation is due to a concerted
(1993). Effects of external cations and mutations in the pore regionmechanism.
on C-type inactivation of Shaker potassium channels. Receptors
Channels 1, 61–71.
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